To test the efficacy of resveratrol, a nontoxic plant product, in the treatment of uveal melanoma. METHODS. The effect of oral administration and peritumor injection of resveratrol was tested on tumor growth in two animal models of uveal melanoma. The mechanism of resveratrol action on uveal melanoma cells was studied in vitro in a cell-viability assay: with JC-1 dye, to measure mitochondrial membrane potential; by Western blot analysis, to analyze the cellular redistribution of cytochrome c and Smac/diablo; and in a fluorescence assay with specific substrates, to measure activation of different caspases. RESULTS. Resveratrol treatment inhibited tumor growth in animal models of uveal melanoma. Since oral administration resulted in relatively low bioavailability of resveratrol, the effect of increased local levels was tested by peritumor injection of the drug. This method resulted in tumor cell death and tumor regression. In vitro experiments with multiple uveal melanoma cell lines demonstrate that resveratrol causes a decrease in cell viability, resulting at least in part from an increase in apoptosis through a mitochondrial pathway. An early event in drug action is the direct targeting of mitochondria by resveratrol, which leads to a decrease in mitochondrial membrane potential and the eventual activation of caspase-3. CONCLUSION These data suggest that resveratrol can inhibit tumor growth and can induce apoptosis via the intrinsic mitochondrial pathway and that by further increasing bioavailability of resveratrol the potency of the drug can be increased, leading to tumor regression. The nontoxic nature of the drug at levels needed for therapy make resveratrol an attractive candidate for the treatment of uveal melanoma. (Invest Ophthalmol Vis Sci.
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veal melanoma is the most common primary ocular tumor in adults with approximately 1300 to 2000 new cases occurring in the United States each year. Depending on size and other parameters, traditional treatment of the primary tumor has been enucleation. However, alternative treatments to preserve the eye have been devised, including cryotherapy, radioactive therapy, transpupillary thermotherapy, surgical resection, and photocoagulation. Despite these advances in treatment, mortality varies considerably, to more than 50% in high-risk patients, primarily due to metastasis to the liver. 1 Although the incidence of overt metastases is low (2%-3%) at the time of presentation of the primary tumor, 2, 3 it is hypothesized that micrometastases already have been established. 4 These may remain dormant for many years before enlargement occurs. 5, 6 Therefore, it is critical to develop drugs that are nontoxic and can be administered for potentially extended periods to patients who have received a diagnosis of primary uveal melanoma.
Resveratrol (3,5,4Ј-trihydroxy-trans-stilbene) is a nontoxic, plant-derived polyphenol found in grapes, berries, and peanuts. It has been found to be effective against a wide range of tumor cells in tissue culture as well as in certain animal models. 7 However, no studies have been conducted to show the effect of resveratrol on uveal melanoma cells in vitro or in vivo.
Resveratrol has pleiotropic effects, altering many different signaling pathways leading to suppression of tumor cell proliferation and metastasis, as well as reduced signs of inflammation and angiogenesis and induction of apoptosis and differentiation. 7 Although numerous studies have described intracellular changes leading to cell cycle arrest or apoptosis in response to resveratrol treatment, the effects are often cell-type specific, and these studies have not yet identified the underlying mechanism of drug action. 7, 8 Mitochondrial involvement in resveratrol-induced cell death has been described. 9 -12 Mitochondrial dysfunction is a prominent signal for apoptosis as part of the intrinsic apoptosis pathway. Loss of membrane potential can signal apoptosis by a decrease in the Bcl-2-Bax ratio associated with mitochondria and the release of cytochrome c and Smac/Diablo from mitochondria, leading to the activation of caspase-9 via APAF-1 and to the activation of caspase-3 (for review see Ref. 13 ). Finally, the resultant induction of nucleases leads to DNA fragmentation and cell shrinkage, nuclear condensation, and membrane blebbing.
In the current study, resveratrol inhibited uveal melanoma cells by directly targeting the mitochondria, thereby activating the intrinsic mitochondrial pathway leading to release of cytochrome c and Smac/Diablo, activation of caspase-9 and -3, and, finally, tumor cell death. We also show that oral administration of resveratrol is effective at inhibiting tumor growth in two xenograft models of human uveal melanoma, using cells derived from a primary tumor and from a metastatic lesion. In addition, we find that direct injection of resveratrol adjacent to the tumor to elevate levels of the drug enhances tumor cell death. Therefore, resveratrol is a good candidate for therapeutic intervention in uveal melanoma, owing to its nontoxic characteristics and its potent antitumor effect.
with 10 mM HEPES (OCM-1, OCM-3, Mel290, and Mel270), and RPMI supplemented with 10 mM HEPES (Mediatech, Herndon, VA), 10 mM sodium pyruvate (Sigma-Aldrich, St Louis, MO), 1% nonessential amino acids (Hyclone, Logan, UT), and 1% MEM vitamin mixture (92.1). All media were supplemented with 10% vol/vol FBS (Atlanta Biologicals, Norcross, GA), and 1% penicillin-streptomycin-amphotericin B (Mediatech).
Inoculation of Mice
C918 and Mum2b cells (1 ϫ 10 6 ) were mixed 1:1 with synthetic matrix (Matrigel; BD Bioscience, Bedford, MA) and injected subcutaneously (SC) into the flanks of athymic mice (Harlan, Indianapolis, IN), which were subsequently divided into groups of 15 animals each. Protocols were approved by the University of Wisconsin-Madison Research Animals Resources Center and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Five days after inoculation, the resveratrol (Cayman Chemicals, Ann Arbor, MI) in triglyceride of Coconut Oil (Neobee M5 oil; Spectrum Chemical Mfg. Corp., Gardena, CA) or oil alone was administered to the experimental and vehicle groups, respectively, by oral gavage daily for 3 to 5 weeks, and the growth rate of SC tumors was monitored. Tumor size in the animals was measured as described.
14 Tumor volume was analyzed by using a 1-way analysis of variance (ANOVA) test to detect statistical differences in tumor size among the groups. Tumor volume was transformed to the log scale before analysis to obtain approximately normal distribution residuals. Differences were considered significant at P Ͻ 0.05.
Peritumor Injections
C918 cells (3 ϫ 10 6 ) were injected SC in 10 athymic mice and the tumors allowed to grow to approximately 200 mm 3 . The mice were divided into two groups of five animals each and administered three injections over 8 days of 20 mg resveratrol in 200 L DMSO or DMSO alone. The animals were euthanatized, and tumor tissue was fixed in formalin, sectioned, and stained with hematoxylin-eosin (H&E).
Resveratrol Bioavailability
Resveratrol measurements in tissue homogenates or in sera by column chromatography were performed as described elsewhere.
14

Tumor Cell Viability
Uveal melanoma cell viability was measured as described elsewhere.
15
Apoptosis Determinations
The cells were treated with 100 M resveratrol and then fixed, stained with Hoechst 33528 (Invitrogen-Molecular Probes, Eugene, OR), and analyzed according to a published method. 16 The percentage of apoptotic cells was calculated as the number of apoptotic cells relative to the total number of cells in a viewing field and averaged over five different fields.
Isolation of Mitochondria
Mitochondria were isolated from 5 ϫ 10 7 cells, as described elsewhere. 16 
Mitochondrial Membrane Potential
Changes in mitochondrial membrane potential in whole cells and in isolated mitochondria were measured by fluorometry with JC-1 dye (Cell Technology, Mountain View, CA), as described elsewhere. 16 The mitochondrial membrane potential drives the formation of red fluorescing JC-1 dimers (J aggregates). The ratio of red fluorescent dimers to green fluorescent monomers is a measure of the mitochondrial membrane potential.
Cytochrome c and Smac/Diablo Release
Cytochrome c and Smac/Diablo were compared by immunostaining cytosolic fractions prepared from 6 ϫ 10 6 cells either treated with 100 M resveratrol or left untreated. Cell fractionation was achieved as described earlier. 16 Protein concentration was measured using a protein assay (BioRad, Hercules, CA). Western blot analysis was performed using 15% SDS-polyacrylamide gels followed by electrotransfer of proteins to PVDF membrane for immunodetection using either anti-cytochrome c (BD PharMingen, San Diego, CA) or anti-Smac/Diablo (Cell Signaling Technology, Danvers, MA) antibodies. Purity of the cytoplasmic and mitochondrial fractions was ascertained with anti-GAPDH and anti-cytochrome oxidase antibodies.
Caspase Activity
Cell lysates were prepared, and for caspase-9 activation, 50 g of total protein, and for caspase-3 activation, 20 g of total protein from each lysate was assayed by fluorometry using fluorogenic peptides, as described elsewhere. 15 Caspase-8 activation was measured by Western blot analysis with an anti-caspase-8 antibody (Cell Signaling Technology).
RESULTS
To determine whether resveratrol is effective in inhibiting uveal melanoma tumor growth, we tested mouse xenograft models of human uveal melanoma cell lines. Dose-response experiments were performed with C918 (originally derived from a primary uveal melanoma) and Mum2b (originally derived from a metastatic lesion) cells. The mice were treated daily with resveratrol, starting 5 days after inoculation when tumors were smaller than 50 mm 3 . After 3 to 5 weeks of oral drug treatment, tumor growth was strongly inhibited in the C918 xenograft model at the 2-to 50-mg/kg doses and at the 5-to 50-mg/kg doses in the Mum2b model (Table 1) . Tumor growth was inhibited proportionately less at the lowest dose (0.4 mg/kg) compared with the control group that received vehicle alone (Table 1) . Tumor volume was approximately 50% less at doses more than 2 mg/kg in both mouse models compared with the control group (P Ͻ 0.0001 for all groups). The 0.4-mg/kg group showed a significant decrease in response compared with the 50-mg/kg group in both mouse models (P ϭ 0.03). Growth kinetic data show that significant differences between the treated and untreated tumors were apparent almost immediately after initiation of drug treatment ( Fig.  1) . However, no tumor regression was observed.
Toxicity was assessed by survival, activity and, twice weekly, by body weight. All animals survived the treatment without evidence of toxic effects and animals gained 10% to 15% of weight compared with their pretreatment values. On autopsy, no changes were observed in the major organs after Bioavailability of resveratrol in serum was determined 30 minutes after oral administration of 0.4, 2, 10, and 50 mg/kg of resveratrol and found to be 0.6 Ϯ 0.28, 1.4 Ϯ 0.49, 1.3 Ϯ 0.21, and 4.3 Ϯ 0.14 M, respectively. No accumulation of resveratrol was found in tumor tissue. Our experiments showed that these relatively low levels were nonetheless sufficient to inhibit tumor growth. To determine whether the inhibitory effects of resveratrol on tumors can be enhanced, especially given the proapoptotic effects of the drug observed on cells in vitro (described later), we assessed the effect of higher doses of resveratrol on tumor growth and viability. To this end, the drug was directly injected next to the tumor in a series of three injections. This resulted in a decrease in tumor volume in four of five mice compared with the vehicle-treated control animals, all of which increased in volume ( Fig. 2A) . Vehicle-treated tumor tissue showed the presence of healthy tumor cells with clear borders and the presence of many mitotic figures (Fig.  2B ). In the resveratrol-treated tumors, there were areas of necrosis, increased presence of apoptotic cells interspersed with residual surviving tumor cells, and calcified tumor cells (Fig. 2C) . Cell borders and nuclear detail were less clear, and, together with cytoplasmic swelling, these changes are consistent with cell damage. Adjacent normal tissue was relatively unaffected. Inflammatory cells were present in the subdermal fat layer and to a lesser degree in the epidermis (Fig. 2D) .
To understand the mechanism of the drug's antitumor activity, we performed in vitro studies on the uveal melanoma cell lines M619, C918, Mum2b, and 92.1. The viability of these cell lines was sharply decreased in response to resveratrol treatment in a time-and concentration-dependent manner ( 
IOVS,
(Ͼ90% confluent) were treated with resveratrol as a function of time and concentration and their viability measured. Under these conditions, cell viability decreased in a concentrationdependent manner over 5 days, further indicating the occurrence of cell death (Fig. 3B) .
To determine whether resveratrol treatment results in enhanced apoptosis, we treated uveal melanoma cells with 100 M resveratrol for up to 72 hours, and then stained them with Hoechst 33528 dye, to visualize apoptotic nuclear morphology (Fig. 3C) . The percentage of apoptotic M619 and Mum2b cells steadily increased over 72 hours, up to 39% and 36%, respectively. The fraction of apoptotic C918 and 92.1 cells reached a maximum at 48 hours and then leveled off. These results suggest that the decrease in cell viability is at least in part due to an increase in apoptosis.
Since resveratrol treatment of tumor cells resulted in ultrastructural damage of the mitochondria before cell death, as indicated by disorganization of the cristae (Sareen D, unpublished observations, 2006), the intrinsic apoptosis pathway, in which the mitochondria play a key role, was studied in uveal melanoma cells. In this pathway, apoptotic stimuli induce mitochondrial dysfunction that in turn signals activation of downstream mediators of cell death. One of the parameters affected when mitochondria become dysfunctional is the mitochondrial transmembrane potential. Therefore, mitochondrial membrane potential was measured by using JC-1 in M619, C918, Mum2b, and 92.1 cells (Fig. 4A ). These cell lines showed an early and sustained loss of mitochondrial membrane potential in response to resveratrol treatment. Increasing concentrations of the drug led to increased loss of membrane potential. Both resveratrol and the positive control carbonyl cyanide-p-(trifluoromethoxy)phenylhydrazone (FCCP), a protonophore, caused a collapse of the membrane potential, as indicated by the sharp decrease in the red-green JC-1 ratio. These results suggest a mechanism for resveratrol action involving mitochondrial function leading to apoptosis via the intrinsic pathway. Further, pretreatment with cyclosporin A did not prevent resveratrol-induced membrane potential collapse after 15 minutes of drug treatment. In the absence of cyclosporin A the red-green ratio of untreated and 100 M resveratrol-treated samples was 112.4 Ϯ 3.9 and 18.0 Ϯ 1.4, respectively. Similarly, in the presence of cyclosporin A the red-green ratio of untreated and 100 M resveratrol-treated samples was 84.0 Ϯ 16.1 and 14.8 Ϯ 0.6, respectively. Longer incubation of cells with resveratrol for 6 hours gave similar results, suggesting that, at least initially, resveratrol does not cause mitochondrial permeability transitional (MPT) pore opening.
To test whether the mechanism of resveratrol action involves direct targeting of this organelle, we isolated mitochondria from 92.1 cells, treated with resveratrol and measured the mitochondrial membrane potential with JC-1 dye (Fig. 4B) . Since no cytoplasmic compartment is present in these experiments, only the red fluorescence was measured. As an additional positive control, mitochondria were treated with sodium azide, a mitochondrial complex IV inhibitor. Membrane potential of isolated mitochondria was decreased after resveratrol treatment, suggesting that resveratrol causes mitochondrial dysfunction by directly targeting the mitochondria without the need to interact with cytosolic components. As expected, the drug concentration needed to attain these effects was less than needed for whole cells, probably due to the lack of diffusion barriers. In other cell types, loss of mitochondrial membrane potential with resveratrol treatment is followed by release of cytochrome c and Smac/Diablo from the mitochondria. 13 To determine whether this release occurs in uveal melanoma cells, we treated M619, C918, and Mum2b cells with resveratrol, lysed and fractionated the cells, and determined the amount of cytochrome c and Smac/Diablo found in the cytosolic fraction by Western blot analysis. Cytochrome c was released into the cytosol in all three cell types 3 hours after initiating drug treatment (Fig. 5A) . Smac/ Diablo was also released from the mitochondria in all three cell lines. The kinetics of Smac/Diablo release compared with cytochrome c release in response to resveratrol treatment were similar. In the C918 and Mum2b cells, the highest levels of these proteins in the cytoplasm were observed 3 hours after the addition of the drug, after which they tapered off (Fig. 5A) . In contrast, cytochrome c and Smac/ 
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Diablo levels remained the same at 24 and 48 hours after treatment in the M619 cells (Fig. 5A ).
To determine whether other components of the mitochondrial cell death pathway were activated, we measured caspase-9 and -3 activities in resveratrol-treated cells in a time-course experiment (Figs. 5B, 5C ). These proteins act as executioner enzymes late in the apoptotic process. All three cell lines demonstrated increased activity of these enzymes after 24 hours, suggesting that these downstream components in the intrinsic apoptosis pathway are activated in response to resveratrol treatment.
In some instances, chemical-induced apoptosis can act via the mitochondria 18 and involve caspase-8. To determine whether this pathway is activated in response to resveratrol treatment as well, processing of procaspase-8 was measured. Procaspase-8 was cleaved in the M619, C918, Mum2b, and 92.1 cells in a time-dependent manner indicated by the appearance of 43-and 41-kDa intermediate cleavage products and an 18-kDa active product (Fig. 5D ).
DISCUSSION
Novel drug therapies are needed to treat uveal melanoma. We demonstrated that resveratrol, a nontoxic plant polyphenol, is very effective at inhibiting human uveal melanoma cells derived from primary and metastatic tumors in animal models of the disease. Both C918 cells and Mum2b cells have been shown to be highly invasive in assays in vitro. 19 Furthermore, both cell lines form vascular loops and networks in vitro, further indicative of a more aggressive phenotype. 20, 21 Our data demonstrate that resveratrol caused a 50% inhibition of tumor growth over a 3-to 5-week period at drug doses from 2 to 50 mg/kg. The bioavailability of resveratrol in serum was measured as a function of oral drug dose and was found to be between 0.8 and 4.4 M at 0.4-to 50-mg/kg doses at 30 minutes and near undetectable amounts after 2 hours, in agreement with findings of others. 22 This is also similar to preliminary results from a recently initiated human phase I trial of resveratrol where serum levels of approximately 3 M were measured after an oral dose of 70 mg/kg. (Phase I repeat-dose clinical study of safety, pharmacokinetics, and pharmacodynamics of resveratrol. Available at http://www-personal.umich.edu/ϳmonk/protocols.html.) We also find no accumulation of drug in serum or tumors during the treatment course. Despite these relatively low levels in serum, their presence is sufficient to cause significant inhibition of tumor growth. To enhance local levels of resveratrol, the drug was injected adjacent to the tumor, which resulted in regression in tumor size in four of five resveratrol-treated animals. Histologic examination of tumor sections of drug-treated animals showed an increase in tumor cell death, whereas neighboring tissue was relatively unaffected. These findings are consistent with our in vitro experiments in which resveratrol has a proapoptotic effect at higher concentrations of drug. This suggests that by increasing bioavailability of resveratrol or by tumor-specific targeting, a more potent antitumor effect can be obtained, leading to tumor regression by increased tumor cell death. We are currently pursuing several strategies to attain this goal through different drug delivery routes and the use of chemical analogues of resveratrol. Once this goal has been attained, these results may form the basis for initiation of clinical trials to test the efficacy of the drug in human patients either as a primary treatment or as an adjuvant therapy, especially to validate whether preclinical studies in mice are relevant to the human disease.
To understand the mechanism of resveratrol-induced growth inhibition, four uveal melanoma cell lines were studied in more detail. M619, like C918, is a cell line with high invasive potential derived from primary tumor 23 ; Mum2b is a highly invasive clonal derivative from a metastatic lesion in the liver 21 ; and 92.1 is derived from a primary tumor from a patient in whom liver metastasis later developed. 24 Our data suggest that an early mechanism of resveratrol-mediated growth inhibition of uveal melanoma cells involves the mitochondria. We found that shortly after drug administration to cells, there was a collapse in mitochondrial membrane potential. However, this change in membrane potential did not lead to opening of the MPT pore, as indicated by the inability of cyclosporin A to prevent resveratrol-induced loss of membrane potential. Although MPT pore opening after the collapse of the mitochondrial membrane potential occurs in many apoptotic systems leading to loss of apoptogenic factors, such as cytochrome c and Smac/Diablo, 25 a loss of membrane potential does not necessarily lead to MPT pore opening. 26 In addition, cytochrome c release from the mitochondria can occur in the absence of MPT pores at a distinct Ca 2ϩ threshold. 27 Indeed, we have reported a resveratrol-induced increase in cytosolic Ca 2ϩ in breast cancer cells. 15 Since resveratrol also causes a decrease in membrane potential in isolated mitochondria, our data suggest that the drug directly targets this organelle. We are currently investigating the identity of the mitochondrial target. Mitochon- drial depolarization is followed later by loss of cytochrome c and Smac/Diablo, activation of caspase-9 and -3, and cell death. These data suggest that resveratrol causes cell death by activation of the intrinsic apoptosis pathway. In addition, we found activation of procaspase-8 in our cells. This caspase has been described as a component in chemical-induced apoptosis. 18 It has been found to cleave Bid, which in turn leads to mitochondria-mediated apoptotic cell death. Therefore, resveratrol may act directly and indirectly on the mitochondria. Alternatively, caspase-8 activation may suggest that the extrinsic apoptosis pathway is also activated by resveratrol in uveal melanoma cells, as has been described in different tumor types.
In summary, the data presented herein suggest that resveratrol is effective at inhibiting uveal melanoma in animal models of the disease, despite its relatively low bioavailability after oral administration drug. In addition, we have shown that resveratrol has a more potent effect, leading to tumor cell death and tumor regression when local drug levels are increased, suggesting that strategies to increase bioavailability could enhance the antitumor action of the drug. Finally, the results of our in vitro studies suggest that tumor cell death occurs via a mitochondrial pathway.
